Abstract-In this work, we propose a fast and energy-efficient neighbor discovery scheme for proximity-aware networks such as wireless ad hoc networks. Discovery efficiency is accomplished by the use of a special discovery signal that provides random multiple access with low transmit power consumption and low synchronization requirement.
The upper bound of the above probability,
becomes small for large L. Hence, the discovery time of a device can be very long. Large L also causes more collisions, and, therefore, many wasteful transmissions of discovery signals as a result of collisions.
It is clear that collision is very expensive in terms of energy consumption and thus should be kept minimum, which is indeed one of the main objectives for the design of the proposed neighbor discovery scheme.
III. THE PROPOSED NEIGHBOR DISCOVERY SCHEME
A. TNID and Discovery Channels
As a first step to avoid the collision, a temporary node ID (TNID) is created for identifying the nodes in a neighborhood and is used for all communications among devices. The same TNID can be spatially reused in a different neighborhood. In the proposed scheme, each discovery slot is divided into D parallel channels, each of which uniquely represents a TNID. A node broadcasts its presence and its associated TNID by energizing one of the TNID channels.
To create the D parallel channels for discovery signaling, the discovery slot is first divided into multiple OFDM symbols. A large fraction, if not all, of the energy in an OFDM symbol is transmitted on a single OFDM subcarrier. No energy is transmitted on any other subcarriers of the current OFDM symbol.
No information is modulated onto the energized subcarrier (i.e. amplitude and/or phase), therefore no channel estimation is needed at the receiver and low dynamic range and phase noise requirements for the PA (power amplifier) and RF (radio frequency) components. It is the location (subcarrier index) of the energized tone that contains information. That is, which subcarrier of this OFDM symbol is energized depends on the content of the message. In the current application, the message contains TNID and is denoted as m, which is further represented by K information symbols， 1 2 ( , , ... , )
or more precisely,
where the base D is the total number of subcarriers used for transmitting one information symbol k u
For the ease of discussion, we assume that the total number of subcarriers of an OFDM symbol S is also equal to D. We thus need K OFDM symbols to transmit the message m, as shown in Fig. 2 . Note that this single-tone signal is not to be confused with a frequency hopping signal. In frequency hopping, the tone positions are predetermined by a sequence known to both the transmitter and the receiver; the tone position therefore does not contain information and the information is modulated onto the amplitude and/or phase of the tone via QPSK or QAM. While for the single-tone scheme, the tone is not modulated with information. The information is embedded in the positions/subcarrier indices of the tones.
The choice of this type of signal has the following advantages. First of all, unlike the most commonly used CDMA signals for random access [6] - [14] , the single-tone signal does not suffer from the near-and-far effect among transmissions from different users. This is because 1) If the single-tone signals from different users are transmitted on different subcarriers, they don't present interference to each other since all the OFDM subcarriers are orthogonal (Fig. 3) ; 2) If some of the tones from different users happen to transmit on the same subcarrier, they simply add together just like multi-paths (since the tones are not modulated therefore share the same waveform and are not distinctive at the receiver) and are absorbed by cyclic prefix [15] . Second, the use of the cyclic prefix of an OFDM symbol, relaxes the time synchronization requirement among devices. The longer the cyclic prefix, the more tolerance to timing offset among devices, therefore, the less power spent on time synchronization and less receiver complexity and energy consumption. Third, this single-tone (narrow band) waveform has the lowest peak-to-average power ratio (PAPR) as compared to a wideband waveform (e.g., the regular OFDM waveform) allowing for most efficient power usage; However, single tone signaling can cause ambiguity among different discovery signals from multiple devices at the receiver. As illustrated in Fig. 3 , it is difficult for the receiver to figure out which set of tones comprises the original sequence sent by a device since the individual tones themselves does not identifies the device (although in the figure different devices are identified by color). The possible combinations are K t where t is the number of simultaneous transmitting devices ( 2 t  in Fig. 3 ). In addition, single tone signaling can also be prone to errors due to noise and fading causing missing tones and/or falsely detected tones. The solution proposed in this paper is to encode the discovery signal (non-binary) to prevent the ambiguity and to obtain certain degrees of error protection capability.
Reed-Solomon codes are non-binary codes and achieve the largest possible code minimum distance for any linear code with the same encoder input and output block lengths (or maximum distance separable).
Hence the Reed-Solomon code is a good fit for the current application. A Reed-Solomon code 
where
The value of the code symbol ( n c , 1 n N   ) corresponds to the index of the sub-carrier on which energy is transmitted. That is, only one tone is energized per OFDM symbol, and the position of the tone is dependent on the value of the code symbol. Either all or partial of the total energy in an OFDM symbol is transmitted on a single subcarrier depending on the desired coverage range of the neighborhood. Fig. 4 shows an example of the transmission of the discovery signal. The detection of a discovery signal tone is done by simply looking for a subcarrier with significantly higher energy than its neighbors. After the detection of discovery tones, the receiver obtains a set of discovery tones on every OFDM symbol with certain errors as well as missed discovery tones. By applying, for example, maximum likelihood decoding using a lookup table, the receiver finally recovers the original information symbols and therefore the TNID.
In the presence of a plural discovery signals, the discovery signals from different nodes may overlay on top of each other causing potential interference among different discovery channels. Indeed, d discovery signals with code rate (N, K) can coexist without causing decoding ambiguity as long as the following
is satisfied. This important conclusion can be formally stated by the following proposition: 
2)
For an discovery signal with code rate of ( , ) N K , a minimum number of K discovery tones is sufficient to distinguish one discovery signal from another. This is sustained by the fact that Reed-Solomon codes are maximum distance separable,
We therefore conclude that if However, this conclusion is only true under the assumption of ideal tone detection. In practical scenarios when tone detection is not error-free due to fading and noise, the value of N does affect the discovery signal's capability of correcting tone detection errors. The value of N and the capability of tone error correction and erasure recovery have been discussed earlier in this section. Therefore, as long as the number of tone detection errors/erasures are within the capability of the coded discovery signals governed by the value of N, multi-user ambiguity can be eliminated.
Another important issue that can not be overlooked in the wireless ad hoc network signaling design is the time and frequency synchronization. Since the discovery signal is meant to be received by neighboring devices, the discovery signal has to be designed with time and frequency offset tolerance. The time offset among devices is easily absorbed by the cyclic prefix of the OFDM symbol as earlier stated thereby is less of a concern. The design of STS with frequency offset immunity is more challenging since the information that an STS signal carries lies in the subcarrier index of the STS tones. If not appropriately designed, the STS tones may shift to neighboring subcarriers as a result of frequency offset. Again, we have to rely on coding to provide the frequency offset immunity.
Assume that the transmitted discovery signal is
The received discovery signal at the node with frequency offset  is
with the first element equal to zero. Therefore, the inverse GFT of a valid code word always has a zero-valued first element by design. Whereas the first element of the inverse GFT of (8) produces
which is non-zero. We therefore have the following remarks:
Remark 2: A discovery signal received with a frequency offset does not correspond to a valid but wrong discovery signal.
This property ensures that a receiver with frequency offset will not erroneously map a discovery signal to a valid TNID.
Remark 3: The value of the first element of the inverse GFT of a received discovery signal equals to the frequency offset between the transmit node and the receive node.
This property enables the receiver to correct the frequency offset, if any, between the transmit node and the receive node. The frequency-offset discovery signal can then be recovered. The property is hence very beneficial to initial neighbor discovery when a node is not frequency-synchronized to its neighbors.
B. TNID Acquisition and Hidden Device Avoidance
When entering the network, a device first synchronizes to the slot by synchronizing to the neighbors' discovery signals. To transmit its own discovery signal, a device must first acquire a vacant TNID (or a vacant discovery channel) from the pool of D valid TNIDs.
During acquisition, device i scans through the D discovery channels searching for the one with the lowest average energy over a certain number of discovery slots (i.e., the least congested TNID), i.e., node i and node j, and w is the receive noise spectral power density. To reduce the probability that two or more devices simultaneously acquire the same TNID with the lowest energy, the device randomly selects a TNID from a set of channels with the lowest energies. Once a TNID is acquired, the device starts to transmit the corresponding discovery signals with probability p.
It is still possible that two or more devices simultaneously select the same TNID. A device therefore listens for collision by measuring energy on this discovery channel on the discovery slots. A device makes a decision based on the measured energy if a collision has happened and if a collision is significant enough (the receive energy from the colliding node has significant strength) to warrant a re-acquisition of a new TNID.
Since TNIDs can be spatially reused, hidden device problem may occur. As illustrated in Fig. 5 , device
A and device C may acquire the same TNID since device C cannot hear device A and vice versa. However, in this particular device distribution, device B can hear both, thereby causing collision at device B, i.e., the same TNID is used by two immediate neighbors of node B. To prevent the hidden device problem, a device (e.g., device B) listens on other discovery channels to measure the transmission probability of the discovery signal on each channel. If the probability is much larger than p, two or more devices may have already been using the same TNID without being aware of the collision at another device (i.e., device B). The device (device B) thus jams this discovery channel by transmitting a discovery signal corresponding to the collided TNID. The hidden devices (device A and C) detect the jammer, realizing a TNID collision, and consequently restart the TNID acquisition procedure.
IV. NUMERICAL RESULTS
As earlier stated, the message of the discovery signal contains the TNID. In the simulation, a total of 512 TNID numbers were used ranging from 0 to 511 and coded with code rate   8, 1 . The total number of subcarriers is 512. One discovery tone (i.e., one discovery code symbol) can then be transmitted on one OFDM symbol. Fig. 6 shows the performance of the proposed discovery signal, in which the number of simultaneously transmitting devices is 30 and the number of receive antennas per device is one. Performance in AWGN channel is plotted as a reference. SNR is defined as the ratio of received energy per sample to noise variance in time domain. A decoding erasure is defined as the event in which a device fails to decode the discovery signal sent from another device, while a decoding error is an event in which the device decodes the discovery signal to a wrong but valid TNID. An erasure prevents the device from recognizing the neighbor whereas an error causes the device to see a neighboring node that does not exist. In Fig. 6 , the error rate is controlled below 1%. It is observed that the discovery signal can operate at very low SNR. In the low SNR region, the up-fades from the frequency selective fading in PedB channel create more opportunities than AWGN channel for the discovery tones to be detected, causing less erasure. Fig. 7 plots the median of neighbor discovery time vs. the density of the device drops. The devices are uniformly dropped over an area of 1024 with various densities. The superior advantage of the proposed scheme is clearly seen over the conventional baseline method (Section II). This is not totally surprising due to the fact that multiple discovery signals can be transmitted simultaneously without collision and hence multiple devices can be discovered in a single discovery slot.
V. CONCLUSIONS
In this paper, we proposed a neighbor discovery scheme for proximity-aware networks. This scheme allows simple transceiver implementation and most importantly energy efficiency. The energy efficiency are achieved by the use of a specially designed discovery signal. In particular, the energy efficiency is achieved by: 1) Using energy efficient discovery signals; 2) Reducing the number of wasteful transmissions of discovery signals. The energy efficient discovery signal is obtained by 1) using low-PAPR single-tone pulse. 2) Unlike the conventional signaling, the amplitude and phase of the tone (susceptible to interference)
is not used for conveying information. The information is instead modulated into the position of the tone that reduces the transceiver complexity and increases immunity to noise allowing to be detected at low signal to noise ratio. The resulting ambiguity at the receiver is prevented by the use of non-binary coding. 3)
Discovery signal is robust to frequency and time offset that relaxes the requirement for synchronization.
Signal transmission is the most energy-consuming operation thereby should be minimized. The reduction in wasteful discovery signal transmissions without causing excessive discovery delay is due to the collision prevention among discovery signals that is provided by 1) the use of TNID and its associated discovery channels, requiring a device to acquire a vacant TNID first before it can transmit the discovery signal; 2)
Multiple discovery signals can be transmitted simultaneously within the same discovery slot without collision. Finally, energy efficiency is also attributed to discovery efficiency, a result from the fact that multiple devices can be discovered during a single discovery slot. Therefore a device can spend less time on discovery (receive mode). 
